control system converges stably.

The control system is stable and converges when the
first circumferential mode is generated in the duct.
The control system is found to reduce the fan noise in
the far field on an arc around the fan inlet by as
much as 20 dB with none of the sound amplification
associ-ated with mode spillover.

INTRODUCTION

The emergence of the ultra-high bypass ratio engine
on aircraft in the 21st century is expected to pose new
and significant challenges to the noise control
engineers. The dominant engine noise source will
shift from the jet tothe fan. The blade tip speed will
be subsonic or transonic so that the fan noise will
have high tonal content at harmonics of the blade
passage frequency and the fundamental tone will be
at a frequency less than 1000 Hz. In order to provide
sufficient thrust, the engine diameter will be on the
order of 3.66 meters (12 feet); and, in fact, engine
size will be limited by considerations such as space
available under the wing and allowable landing gear
length. Weight is a significant parameter in the
design of the power plant and in order to minimize
the weight of the large diameter nacelle, it will be as
short and as thin as possible. The relatively low
blade passage frequency necessitates thick bulk liner
treatment which is extensive in the axial direction,
while thickness and length restrictions limit the
amount of passive noise control treatment that can be
applied.

The conflicting goals of minimum weight and
maximum noise reduction can be aided materially by
active noise control. Active noise control is well
suited for applications in which a low frequency noise
source limits the utility of passive control methods.1
An active noise control system can provide significant
noise reduction without excessive weight penalty, and
research is continuing on development of light-weight,
efficient control sound sources.?

Noise in ducts has long been considered an attractive
application of active noise cancellation because the
duct serves as a wave guide both to the source noise
and to the control sound. Paul Lueg was issued a
patent nearly 60 years ago for control of sound in a
long duct using a system that consists of a reference
microphone to measure the noise to be controlled, a
source for the control sound which is equal in
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CONTROL THEORY

This section discusses the general t
development of the Least Mean Squ
Algorithm and the Adaptive Filter.
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The element xk is the digitized sample of s taken at
the present time. The element xk-1 is the digitized
sample of s taken on the previous loop, A seconds in
the past, and so on to Xk-n+1 which is the digitized
sample of s taken (n-1)*A seconds in the past. The
vector Xk is constantly updated on each loop with the
oldest value discarded, and the newest value put in
the top of the array. The scalar output of the
adaptive filter is obtained from:

n-1
(1) Yk = Y Wixk-l = w T Xk
1=0

where:

wT = the transpose of the vector W and
W = a vector of weighting coefficients;

BE
..

The error at time tk is the combination of the
disturbance and the filter output:

(2) €=d-WTxgk

The mean square error, 82 , iIs minimized by setting
to zero the derivative of the expectation of the mean
square error with respect to the weighting vector.11
The LMS Algorithm is intended to approximate the
optimum solution in real time, using the method of
steepest descent. The weight function for the current
loop through the controller, Wj is updated using the
weight function from the previous pass through the
loop, Wj-1 plus a change proportional to the negative
gradient of the mean square error, [
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according to the expression:

(5) Wj Wj.1 -2 p

Wj.1 -2 p

where:
M = user defined adapt:

The algorithm will converge in the n
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MODAL DESCRIPTION OF SOUNI
IN DUCTS

The homogeneous wave equation for
frequency w traveling in a cylindrica
quiescent air is solved in order to d¢
frequencies and mode shapes:

19 []0 1 92 9%
) 10[Jop], 1 9%p 97
ror]or (] r2 902 97
where:
K==
c
c = speed of sound
r = the radial coordinate
z = the axial coordinate
0 = the circumferential coordii

The solution of the wave equation h
form:

(7)  p(r, 8, 2) = e K Z {AmIm(kmnr

+ i BmYm(Kmnr)}



L I B O I it

The plane wave is always present in the duct since it

cuts on at 0 Hz. The first two spinning modes corres-

ponding to the lowest order radial mode cut on at
wave number normalized by the outer radius of the
duct, ka=1.84 for the (1,0) mode and ka=3.05 for the
(2,0) mode.12 The zero order spinning mode
associated with the first radial mode (0,1) cuts on at
ka=3.83. These are the values expected for a duct
with no centerbody.

The tonal part of the fan noise is generated by the

impingement of the vortices shed from the rotor on the

downstream fan exit guide vanes. These tones occur
at the blade passage frequency and its harmonics.
When the frequency is high enough that the wave can
propagate, the fan tones travel in spinning modes
defined from the relationship:12

(9) m = np B + kV
where:
Nh = harmonic number
B = number of blades
V = number of fan exit guide vanes
k = any positive or negative integer,

including zero

When the number of blades and the number of vanes
isthe same, the plane wave, m=0, is most strongly
excited. When the difference in the number of blades
and vanes is 1, the first spinning mode will dominate
at frequencies above the m=1 cut-on. The spinning
mode is characterized by a sound radiation deficit on
the fan axis. The sound is in a lobe which radiates
perpendicular to the duct axis when the mode is first
cut on and progresses toward the duct axis as the
frequency increases.13

EXPERIMENT LAYOUT
Duct

The experimental setup consists of a duct with the
following major elements: inflow control device,
control hardware section, an axial flow fan, and an
anechoic termination. The unit is installed in the
laboratory space of the Anechoic Noise Facility at
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FIGURE 2. Fan noise control exg
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FIGURE 4. Fan noise control ductwork, view from
outside the Anechoic Chamber showing
noise control hardware, fan, and
anechoic termination duct sections.

(11.81 inch) with a hub diameter of 15.2 cm (6 inch).
The fan is driven by a 3 HP electric motor and rotor
speeds up to 6000 rpm can be achieved. The blade
passage frequency can thus be up to 1600 Hz. This
frequency corresponds to wavenumber normalized by
duct radius, ka = 4.38 for the 30 cm diameter duct.

It is expected that the first two spinning modes of the
lowest radial and the first radial mode associated
with the zero order spinning mode will be cut on when
the fan runs at 6000 rpm. No other higher order
modes are expected to be cut on. The fan has been
designed so that the number of stator vanes can be
16, 17, or 18 and always uniformly spaced. It is
expected that the plane wave will dominate when the
fan is configured with 16 stator vanes, the 1St
circumferential (spinning) mode will dominate when
17 vanes are installed, and the 2"d circumferential
(spinning) mode will dominate with the 18 vane
configuration.

A muffler section is located downstream of the fan as
shown schematically in figure 2 and in the photo-
graph, figure 4. This 3.7 m (12 foot) long duct is
lined with perforated metal and 50 mm (2 inch) of
sound absorbing material. The muffler reduces fan
noise radiation into the laboratory space and acts as
an anechoic termination for the discharge of the fan.

Control System

The active, adaptive noise control system uses a time
domain LMS algorithm. Figure 5 shows the
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FIGURE 5. Fan noise control s

The controller is a Texas Instrumen
(C30) floating point Digital Signal P
board which is mounted in a person
through the ISA bus. The reference
are input to the computer by a 16-b
Digital Converter with a fourth orde
aliasing. The Analog-to-Digital Con
153-KHz throughput. The signal is
16-bit Digital-to-Analog Converter w
filter to reconstruct and smooth the
produced by the C30. The Digital-t«
has 667-KHz throughput.

The control algorithm consists of a ¢
Adaptive Filter which applies the w
the reference signal to generate the
and a Least Mean Square algorithm
the weighting coefficients using the
the coefficients and the error. The v
adaptive control system is driven at
frequency (A) of the Analog-to-Digit:

RESULTS
1. Plane Wave Generated in the
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Figure 6 shows the directivity plot c
acoustic far field with the fan opera
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FIGURE 6. Far field directivity of BPF tone at
fan speed 2350 rpm, plane wave
dominant.

@® : control off, Il : control on

The fan was then run at 2800 rpm, which corresponds
to blade passage frequency of 750 Hz or normalized
wavenumber ka=2.10. This frequency is above the
first spinning mode cut-on frequency for the duct, but
it is expected that the spinning mode would not be
cut on strongly in light of the fact that the number of
blades and stators is the same. This is seen in the
directivity plots of the blade passage frequency tones
for control off and control on that are shown in

figure 7. The far field sound is not as uniform
spatially as it was below the mode cut-on, figure 6,
indicating the presence of a higher order mode.
However, the sound deficit on the fan axis that is
characteristic of the spinning mode dominance is not
found in the radiation pattern in figure 7, which
indicates plane wave dominance. When the controller
is activated, the sound level reduction is relatively
uniform at 2 dB in the acoustic far field at locations
from the fan axis to 90°. The far field noise
reduction, while stable and spatially uniform, is much
less than it is when blade passage frequency is below
the spinning mode cut-on.

The performance of the controller as a function of fre-
quency is indicated in figure 8. This plot was gene-
rated by operating the fan at speeds from 1500 rpm
to 6000 rpm and comparing the blade passage
frequency tones at the error microphone for control off
with control on at each speed. The control off
spectrum for the in-duct error microphone shows a
general trend in sound level to go up with engine
speed punctuated by increases at 2300, 3700, and
4800 rpm. The increases indicate the presence of
standing waves in the duct. The 2300 rpm speed is
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FIGURE 9. Sound level spectrum of fan BPF tone
at far field microphone fixed on the
duct axis, 8 = 0°.
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The fan was operated at 2800 rpm, which speed pro-
duces normalized wavenumber ka = 2.10. This is
above the first spinning mode cut-on and it is
expected that the m=1 spinning mode will be excited
into dominance. This is shown in the far field
radiation pattern, the lower curve in figure 10. The
upper curve in figure 10 shows directivity of the
experimental simulation produced by the control
drivers at 750 Hz. The far field radiation pattern
generated by the control drivers is seen to be
comparable to the fan noise radiation.

The result of activating the control system is shown
in figure 11. The spinning mode is virtually
eliminated, leaving a radiation pattern that suggests
a plane wave. This is reasonable since the plane
wave is always generated by the fan and the control
system is not programmed to reduce it.

CONCLUSIONS

The experiments discussed in this paper have verified
that time domain active, adaptive control is
applicable to reduction of fan noise in a duct. The
control system has been applied to tones that are
generated at the blade passage frequency. The
controller is stable over a range of frequencies in
which plane waves and higher order duct modes can
propagate. The system utilizes in-duct error sensing
which is shown to provide global noise reduction in
the acoustic far field.

SPL (dB)

-90 -60 -30 0 3

Boom Angle (°

FIGURE 11. Far field directiv
tone at fan speec
m=1 mode domin

@ : control off, N

The system is most effective when t
structures of the noise source and of
source are the same. When the fan
equal numbers of rotor blades and s
the control drivers are configured to
waves, far field noise reduction is gi
cut-on of higher order modes. The p
order modes, even though the plane
dominant, compromises noise reduct
When the number of stator vanes ar
differs by 1, and the control drivers
to generate the m=1 mode, the contr
the first spinning mode, leaving the
component which is inevitably gener
rotor/stator interaction. The in-duc
produces a stable control signal whi
uncontrolled higher order modes.

Generally the noise reduction meast
error sensors is greater than the noi
the far field. Fan operating conditi
which the in-duct error sensor indice
tion but no noise reduction was mea
field. In some instances the sound
was increased with the control syste



Eriksson, L.J., Allie, M.C., Bremigan, C.D., and
Gilbert, 1989, J.A., "Active Noise Control on
Systems with Time-Varying Sources and Para-
meters", Sound and Vibration, vol. 23, no. 7,
pp. 16-21.

Eghtesadi, K. and Chaplin, G.B., 1987, "The
Cancellation of Repetitive Noise and Vibration by
Active Methods", proceedings of NOISE-CON '87,
State College, Pennsylvania, pp. 347-352.

13.

14.

15.

Rice, E.J., 1978, "Multimodal F
Radiation Using Mode Cutoff R
Journal, vol. 16, pp. 906-911.

Homyak, L., McArdle, J.G., anc
1983, "A Compact Inflow Contr
Simulating Flight Fan Noise", |
no. 83-0680.

Chestnutt, D. ed., 1982, "Fligh
Noise", NASA CP-2242.









